The colossal magnetoresistance (CMR) effect in perovskite rare-earth manganites R x A 1Àx MnO 3 (R is a rare-earth and A is a divalent cation) has triggered a great fundamental and practical interest in the past decades.
1- 15 Its distinctive magnetic and electronic properties are considered to be related to the electron double exchange known as "DE" between mixed Mn 3þ (3d 4 )/Mn 4þ (3d 3 ) ions and strong electronphonon interactions arising from the John-Teller splitting of the Mn 3d level. 16 The grain boundaries, chemical disorder, oxygen deficiencies, and interfacial coupling have a strong impact on its ferromagnetic-paramagnetic and metal-insulator transition temperatures and the magnitude of the magnetoresistance (MR). La 0.67 Ca 0.33 MnO 3 (LCMO) based composite materials have been made by introducing an insulating second-phase into the LCMO matrix. For example, LCMOSiO 2 , LCMO-Mn 3 O 4 , LCMO-Al 2 O 3 , LCMO-polyphenylene sulfide (PPS), LCMO-BaTiO 3 , LCMO-SrTiO 3 , and LCMOZrO 2 have been reported. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In those bulk composites, the second-phase can tune and enhance the MR effect of LCMO. It is proposed that the enhanced magnetotransport occurs at the grain boundaries in polycrystalline manganites, and the insulating phase may produce additional spin-dependent scattering centers around the interfaces by increasing the magnetic nonuniformities and disorder. 10 However, it is not easy to control the grain boundaries in the bulk composite materials due to the ion diffusion, porosity, and poor grain connectivity. 15 Well-oriented epitaxial nanocomposite thin films can provide better control on the grain boundaries and great opportunities to tune the magnetotransport properties by introducing strain from the lattice mismatch between the films and substrates and the strain from the second-phase as well in the composites. 15, [17] [18] [19] [20] For example, greatly enhanced MR was reported in La 0.7 Ca 0.3 MnO 3 :MgO nanocomposite films, which were coupled with phase transition and strain. 18 Here, we report epitaxial nanocomposite LCMO:STO (SrTiO 3 ) films prepared by a polymer-assisted deposition (PAD) technique. 21, 22 In the PAD process, the soluble polymer plays a significant role in the preparation of high-quality metal-oxide films; not only it controls the desired viscosity for the process but also binds the metal ions to prevent the premature precipitation. Thus, PAD provides a simple and straightforward way to prepare oxide composite materials.
The individual metal-polymer aqueous solution was prepared by binding metal ions (La 3þ , Ca 2þ , Mn 4þ , Sr 2þ , and Ti 4þ ) with polyethyleneimine (PEI, from Sigma-Aldrich, average M n $ 60 000, M w $ 750 000) and ethylenediaminetetraacetic acid (EDTA). Briefly, to prepare La, Ca, Mn, and Sr precursor solutions, 2 g EDTA and 2 g PEI were first dissolved in 40 mL water. Following that, 2 g La(NO 3 ) 3 6H 2 O, Ca(OH) 2 , MnCl 2 4H 2 O, or Sr(NO 3 ) 2 were added to form a homogenous solution. For the Ti precursor solution, small aliquots of the titanium solution (made by slowly adding 2.5 g TiCl 4 to a mixture of 2.5 g of 30% hydrogen peroxide in 30 mL water) were added into the solution containing 1 g PEI, 1 g EDTA, and 30 mL water (maintaining the pH at 7.5). The solutions were separately filtered in an Amicon filtration unit that is designed to pass materials with molecular weight of less than 30 000 g/mol, to remove any unwanted unbound ions, and to concentrate the solution. The concentrations of La 3þ , Ca 2þ , Mn 4þ , Sr 2þ , and Ti 4þ after such a filtration process were 125, 191, 148, 157, and 408 mM, respectively, as determined by inductively coupled plasmaatomic emission spectroscopy (ICP-AES). These solutions were mixed in the desired molar ratio needed to synthesize the single-phase LCMO and composite LCMO:STO films C for 2 h to remove polymers and at 950
C for 1 h in flowing oxygen to crystallize the oxides and achieve epitaxial growth of films. About 20 nm thick films were obtained from one spin-coat. X-ray diffraction (XRD) was used to characterize the crystal structure of the films. The surface morphology, microstructure, and the composition of the films was analyzed by scanning electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM), and energy dispersive x-ray spectroscopy (EDS). The resistivity versus temperature characteristics were measured by a quantum design physical property measurement system (PPMS) along the film surface using a standard four-probe method, with the magnetic field applied normal to the film surface.
The lattice mismatch is 1.8% between LCMO and LAO, 1.2% between LCMO and STO, and 3% between STO and LAO, which were determined by considering the basal plane lattice parameters of LCMO (a ¼ 0.3858 nm for pseudocubic perovskite unit cell), STO (a ¼ 0.3905 nm), and LAO (a ¼ 0.3789 nm). Such lattice mismatches make it possible to epitaxially grow both LCMO and STO on LAO substrates. All the single-phase LCMO and composite LCMO:STO films were investigated by the XRD analysis. It is noted that the XRD patterns of the composites are the same as those of the single phase LCMO on LAO. Fig. 1 shows the typical XRD h-2h and /-scans of an LCMO:5% STO film on LAO substrate. As can be seen from the h-2h scan shown in Fig. 1(a) , there are only (002) peak from the LCMO:5% STO film and (001) and (002) peaks from the LAO substrate. The only (002) peak appearing from the film indicates that the film is preferentially oriented along the c-axis, perpendicular to the substrate surface. According to the (002) peaks in the XRD pattern, the lattice parameter was calculated as a ¼ 0.3867 nm for the LCMO:STO film and a ¼ 0.3791 nm for the LAO. The (002) peak from LCMO may overlap with the (002) peak from STO because the lattice parameter of LCMO is close to that of STO. On the other hand, the (002) peak from STO may not appear since the STO concentration is too small in the composite. The in-plane orientation between the film and the substrate was determined by the XRD /-scans from the (202) reflection from LCMO and STO and (202) from LAO. As shown in Fig. 1(b The surface morphologies of the single-phase LCMO and LCMO:STO composite films are shown in Fig. 2 . The labyrinth pattern with obvious boundaries is observed for the LCMO films. With the addition of STO, the grains grow bigger and the composite films are denser and smoother with no detectable micro-cracks. The cross-sectional HRTEM image of an LCMO:5% STO composite film on LAO substrate (Fig. 2(c) ) confirmed the epitaxial relationship between the film and the substrate, which is consistent with the XRD analysis. The interface between the film and the substrate is flat and clean without any indication of intermixing. However, we could determine the LCMO phase but not the STO phase since the crystal structure of STO is very close to that of LCMO, and the STO concentration is too small. Sr, Ti, La, Ca, Mn, and O elements were confirmed by EDS analysis, as shown in Figs. 2(d) and 2(e). Because the Ti peaks are close to the La peaks (from both the sample and substrate), it is difficult to quantify the composition of the films. However, the amounts of Sr and Ti in LCMO:5% STO are obviously greater than those in LCMO:3% STO, as expected. 2012) This significant increase in resistivity is because the introduced insulating STO phase at the grain boundary obstructs the magnetic spin alignment near the grain boundary region of the manganite and, therefore, increases the tunneling barrier height between the neighboring magnetic grains.
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The more the STO concentration is, the more significant the effect in increasing the tunneling barrier height is. In addition, the transition peak, T p , shifts to lower temperatures as the STO concentration increases. This is also consistent with the obstruction of magnetic spin alignment near the grain boundary by the STO phase. To confirm the tunneling barrier height increase due to the STO phase, the q(T) data above T p were fitted with the adiabatic small polaron hopping model,
, where q a is a constant, k B is the Boltzmann constant, and E A is the activation energy. 25 Therefore, ln (q/T) ¼ ln q a þ (E A /k B )(1/T) and in the ln (q/T) $ 1/T plot ( Fig. 3(d) ), the slope is proportional to the activation energy E A , representing the energy barrier height for spin-dependent hopping of electrons at the grain boundaries. Fig. 3(d) shows clearly that energy barrier height increases with addition of STO phase in the composite film.
On the other hand, the energy barrier height or activation energy decreases with applied magnetic field, resulting in lowering of resistance with applied magnetic field. 25 The observed dramatic decrease in resistivity with the applied 3 T magnetic field, as shown in Figs. 3(a)-3(c) , indicates a strong MR effect. The transition peaks become wider and T p shifts to a higher temperature as the magnetic field increases from 0 to 3 T. The MR values of these LCMO and LCMO:STO composites are calculated from the resistivity at magnetic fields of 0 and 3 T, MR (%) ¼ (q H À q 0 )/q 0 Â 100. As shown in Fig. 4(a) , the maximum MR value at 3 T changed from À44.6% at 255 K for LCMO to À94.2% at 125 K for LCMO:3% STO and À99.4% at 100 K for LCMO:5% STO. The result clearly shows that we can tune the resistivity, maximum MR, and transition temperature of LCMO by adjusting the STO concentration in the composites. Fig. 4(b) shows the temperature dependence of the MR at different applied magnetic fields for LCMO:5% STO. The higher the magnetic field, the larger the magnitude of the MR. The MR values for our LCMO:STO composites are higher or comparable to those of other LCMO-based superlattice or composites, as seen from Table I . For example, the MR is À31% at 1 T and 77 K for LCMO:60% ZrO 2 composite, 9 À25% at 1.15 T and 93 K for LCMO:15% V 2 O 5 composite, 13 À61% at 0.5 T and 109 K for LCMO:STO superlattice, 28 and À98% at 220 K and 6-7 T for superlattice LCMO:Pr 0.7 Ca 0.30 MnO 3 . 29 In summary, the epitaxial LCMO:STO composite thin films on LAO have been deposited by the polymer-assisted deposition. The STO phase increases the spin-dependent tunneling barrier height between the neighboring magnetic grains and therefore increases the resistivity. In addition, the STO phase changes the magnetoresistance dramatically by increasing the MR values and decreasing the metal-insulator transition temperatures, from 44.6% at 255 K for LCMO to À99.4% at 100 K for composite LCMO:5% STO.
